A high-resolution spectrograph (HRS) is taking shape for the Hobby-Eberly Telescope (HET). HRS will be mounted on a Newport bench in an insulated chamber in the "basement" of the HET building, internal to the pier, and will be linked to the corrected prime focus of the BET through its Fiber Instrument Feed. Spectra will be recorded on a 4096 x 4096 Orbit CCD mosaic at resolving powers of 30,000 to 120,000, using a mosaic of two R-4 echelle gratings replicated on a single blank at Spectronic Instruments and a selection of two cross-dispersing gratings. This paper will describe the design and report on the current construction status, and will describe innovative aspects, in particular a new all-refractive camera designed by Epps. The HRS design incorporates Barranne's white-pupil concept as adapted for ESO's VLT by Delabre and Dekker. Predicted performance from ray-trace analysis will be demonstrated.
INTRODUCTION
The Hobby-Eberly Telescope was dedicated Oct. 8, 1997 and is now proceeding toward full operational status'. HET is a collaborative project involving the Universities of Texas, Penn State, and Stanford in the United States, Ludwig-Maximilians Universität in München and Georg-August Universität in Gottingen, Germany. Eighty of the 9 1 primary mirror segments, a temporary diamond-milled two-mirror spherical aberration corrector, the field acquisition camera, the primary mirror segment alignment interferometer, a fiber cable, and a fiber-fed test spectrograph were all in place at this writing in February 1998. First-light spectra have been obtained. Three permanent spectrographs are under construction. This paper will describe the high-resolution spectrograph HRS.
SCIENCE
HET was conceived as a spectroscopic survey telescope2 to map the distribution of galaxies and quasars and to monitor G-M stars for solar-like activity. Recent discoveries of extra-solar planets (e.g. Cochran et al.3) , the first in history, have led to a high level of expectancy for continued discovery, and the instrumental properties needed for the Search for Extra-Solar System Planets4 have been analyzed for application to HET5. High-resolution spectroscopy is the primary tool for studies of stellar nucleosynthesis. HET will permit extension of high-resolution spectroscopy to large samples of previously unreachable stars in order to obtain critical insight to the formation and early stages of evolution of the stellar population of the Galaxy6. High spectral resolution, broad spectral coverage at high efficiency, a very large telescope aperture, and wavelength stability are prime requirements for many of these programs. 
INSTRUMENTAL REQUIREMENTS
Technical specifications for HRS were designed to meet the needs of proposed and future research involving high-resolution survey spectroscopy. In survey work, spectra of faint objects scattered over the whole sky have to be obtained in the shortest possible exposure times (thus the demand for a very large telescope) and the instrument has to be capable of rapid set-up on succeeding objects. The process of establishing the design specifications has been iterative, depending not only on the science needs but also on the realities of optical design and of funding opportunities.
For the vast majority of stars within reach of high-resolution spectrometry, atmospheric temperatures range from 25,000 K Teff 4,000 K. Full analysis of their absorption spectra requires that the resolving power be in the corresponding range 20,000 (R = X/dA) 120,000. Sneden7 summarized the arguments from which we established a primary HRS requirement R = 60,000. With modem advances in CCD and diffraction grating technology it has now become practical to achieve R = 120,000 with full spectral coverage in one or, at most, a few exposures and we made this a secondary goal. The primary goal is to be achieved with optical fibers of diameter > 1 arcsec, to maximize transmission in the presence of real, seeing-limited star images. Efficient high-resolution spectroscopy proves elusive on a large telescope with current technology and image slicers are necessary. With first-order gratings to separate echelle spectral orders the maximum spectral pass-band that can be obtained in a single exposure is limited by overlapping orders to one octave (factor of two) of wavelength coverage; that became the specification for single exposures. The overall pass-band is 420 nm -1 . 1 tm. Simultaneous acquisition of the entire pass-band was an original goal; this was discarded when funding for a two-channel spectrograph was not forthcoming. The blue limit is imposed by the predicted throughput efficiency of the HET with its over-coated silver (FSS-99) mirrors and fiber optics, and the red limit is the near-JR cutoff of silicon CCDs. Figure 1 shows the calculated spectral efficiency of the telescope in 1-arcsecond seeing with a 1 .5" optical fiber of 35-m length8, excluding IIRS but multiplied by the expected spectral sensitivity of the CCD detector. This effectively defmes the HRS spectral band-pass. From this calculation plus the expected throughput of the HRS we can calculate the limiting magnitudes at R = 60,000. With one arc-second seeing and a fiber of diameter 1 .8", we predict a 1-hour exposure will reach stellar magnitude V =14.4atS/N=lOOorV=19.4atSfN=1O. The predicted peak transmittance of the telescopespectrograph combination, including the detector, is 15%.
A mosaic of two CCDs manufactured in the Orbit Semiconductor, Inc. wafer fabrication facility serves as the spectral image detector. Each has 4,096 x 2,048 15-jtm square pixels. The longest HRS spectral orders in the near-JR are matched to the full width of the detector by a camera with 500-mm focal length, with the 3 1.6-grImm R-4 echelle. The spectral resolution element at R = 60,000 is four pixels. This allowed us the secondary goal of resolving power R = 120,000 in the limit with twopixel resolution.
Spectral orders are separated by cross-dispersion and are simultaneously recorded on the large-area CCD. The use of prisms was found impractical on such a large telescope with current technology and we adopted first-order diffraction gratings for order separation. The separation needed for accurate determination of the scattered light, including background skylight, led to the choice of two gratings, which are interchangeable as needed. For detection of extra-solar-system planets, wavelength stability better than 10 m/s over an observing session has been an important consideration in setting the specifications for HRS. A quarter century of experience with the McDonald Observatory coudé spectrographs has served well as a role model in developing a spectrograph that will achieve stability through strict adherence to kinematic design principles and judicious use of pupil stops. An atmospheric dispersion compensator is to be included in the prime focus assembly, to assure maximum throughput efficiency of the fiber feed and maximum stability of the recorded spectral energy distribution. Because focal ratio degradation in the fiber optics will inevitably spread light into the telescope's central shadow, an all-refractive camera was specified, to avoid loss of that light due to blockage by the central obstruction common to on-axis reflective cameras. 
SPECTROGRAPH DESIGN THEORY
Schroeder gave the basic equations for the "luminosity" of a seeing-limited slit spectrograph. He showed a reduction of overall efficiency with increasing departure 9 from the Littrow condition. In an earlier paper'° I showed that, in the Litirow configuration, the luminosity could be given in the form R = is the resolving power, 0 is the angular width ofthe slit projected on the sky, D is the telescope aperture, L is the ruled length of the echelle, and 0B S the blaze angle of the grating. Compared with the usual form (e.g. Tull'° Equation (2)) involving the beam aperture Dc and tan 9B ' Equation (1) more clearly demonstrates the limits of spectrograph design when available echelle dimensions are limited. For an echelle of maximum available ruled length, there is only a very slow gain of throughput with increased 0B but a rapid decrease in required beam diameter D = Lcos 9B This is the critical clue to matching a high-resolution spectrograph to a very large telescope at moderate cost. For a given telescope, an R-4 echelle (i.e., a diffraction grating with tan 9B = ) permits a spectrograph design with smaller optical components without sacrifice ofresolving power or slit throughput efficiency, compared to an R-2 echelle ofthe same length.
In Equation (1) This doubled the length and the tangent of the blaze angle, compared to the most widely used echelles previously available. Use of any grating at a blaze angle as great as 75° is complicated by the need to minimize 0. The ESO design of the UVES spectrograph for the VLT'3, which uses the first collimator mirror in double pass, provided a powerfifi solution to this problem and many aspects ofthat design were adopted for HRS.
DESCRIPTION AND STATUS OF IIRS
The optical design is a single-channel adaptation of the ESO UVES spectrograph'°"3"4. It uses an R-4 echelle mosaic in the quasi-Littrow mode for maximum possible efficiency, with cross-dispersing gratings to separate spectral orders. An allrefracting camera feeds the image to a large-area mosaic CCD. Residual field curvature and astigmatism are reduced at the camera focus by a field flattener lens, one surface ofwhich has a cylindrical figure. We adopt the "white pupil" spectrograph concept of Baranne'5 to further maximize efficiency and optical performance while minimizing cost. Departures from the UVES design are (a) The HRS is a single-channel spectrograph.
(b) The HRS is not folded, saving one reflection.
(c) The camera was re-designed to match the selected image detector and to minimize vignetting.
(d) The pre-slit area is designed to accommodate an optical-fiber interface and image slicers.
The design and performance parameters for the spectrograph are listed in Tables 1 and 2 ; the design is illustrated in Figures 2  and 3 . The spectrograph is linked by optical fibers from the HET prime focus 4-mirror spherical aberration corrector, which delivers an f'4.58 beam to the fiber optic feed at an image scale of4.889 arcseconds/mm. At the spectrograph end ofthe fiber the focal ratio is converted to f/b, with an image ofthe fiber ends illuminating the spectrograph slit. Interchangeable image slicers and slits will maximize efficiency at the user-selected resolving power. The design is optimized for operation over the pass-band 420 nm -1.1 im at spectral resolving powers 30,000 R 120,000. Interchangeable cross-dispersing gratings permit a selection of two format configurations at the CCD, one producing the maximum possible spectral pass-band and the other with increased order separation for inclusion of background sky spectra. 
820-1020 nm
The theory ofthe two-mirror collimator system has previously been described'0"3. No attempt to phase the two segments was made or required; the resolving power requirement is fully achieved without phasing. It should be pointed out that the resolving power of the identical ESO echelle is 2 million. It appears, then, that phasing is in fact possible but this was not a controlled parameter. In any case, the achieved resolving power is nearly an order of magnitude greater than required for JiRS.
In additional tests the echelle was illuminated with a As in the ESO UVES, two first-order gratings are mounted back-to-back on a rotary stage with vertical rotation axis. These serve as the cross dispersers. Either grating is selected by a 1 800 rotation, while fme motion about the same rotation axis centers the desired echelle order on the CCD. For the selected echelle, camera, and CCD all order lengths fit within the borders of the CCD up to wavelength 960 nm. Optional use of smaller CCDs and avoidance of bad pixels or columns will require the ability to re-position spectra in both x and y. For ultimate stability we designed a three-position tilt mechanism permitting rotation of the echelle in discreet 1 0 steps. Similarly, the two-grating cross-disperser turret will be rotated in nine discrete steps at intervals of one and two degrees for the 3 16 and 600 gr/mm gratings, respectively. Order separation is 4.4 arc-seconds at 420 nm, increasing to 26 arc-seconds at 1 .04 rim, with the 3 16 grImm cross disperser. The master for a second first-order grating with 600 gr/mm with effective blaze around 5500 A is currently being ruled at the Richardson Gratings
Lab. This grating will provide nearly double the order separations of the 316 grImm grating.
CAMERA
The camera is an Epps design'6. Most of the optical glass is on hand and Coastal Optical Systems Inc. has been contracted to do the optical shop processing. Epps optimized the design for the full spectral band-pass permitted by the over-coated silver mirrors used throughout the HET and HRS and by the CCD spectral sensitivity and fiber-optics transmittance (see Figure 1) . A 260 mm diameter entrance pupil is coincident with the HRS white pupil and the cross-dispersing grating, and lies 330 mm 393 fractional order position 97.2 in front of the first lens element. That lens has an aperture 280 mm, the largest ofthe eight. With its focal length of 500 mm, the camera focal ratio is fYl.92 to accommodate nearly the full diagonal of the diffraction gratings. The camera's 88-mm diameter focal surface is flat. We expect completion ofthe optical work in September 1998.
From ray tracing analysis of the full HRS, there is a residual cylindrical field curvature at the camera focus. Radii of curvature of the field are -1 .19 m in x (convex toward the camera lenses, along the direction of echelle dispersion) and +14 m in y. In the y axis, longitudinal astigmatism is negligible, varying from 0.02 mm at the center of the field to .04 mm in the reddest and bluest spectral orders. Along the spectral orders, astigmatism increases to 0.4 mm near the edges of the field.
The cylindrical field curvature can be understood in terms of classical optics by the following argument:
The field curvature and astigmatism of a mirror can be calculated from equations given by Gascoigne'7: for a paraboloidal mirror of focal lengthf with aperture stop at distance d, the aberration coefficients C and D are C=-,D=C- In this plane the field width is zero. Ray tracing shows longitudinal astigmatism = 7.93 mm, again in close agreement with theory. Ray tracing further shows that the astigmatism due to the off-axis paraboloid Ml is effectively compensated by mirror M2. Because field width perpendicular to echelle dispersion is due entirely to the cross dispersing grating, which lies in the white pupil and is coincident with the camera pupil, the field curvature in that dimension is that of the Epps camera alone, which is flat. The resulting cylindrical field curvature due to the overall HRS has been partially compensated by a convex cylindrical figure formed on the last camera surface. When we attempted complete compensation, some image degradation occurred on the best flat focal surface at the edge of the field, and we accepted a minor compromise to achieve best overall performance.
Figures 6 and 7 show spot diagrams on a flat focal surface in the red and blue ranges, with the 3 16-grImm cross grating. The boxes are 4 x 4 pixels. For the computations that led to Figures 8 and 9 , the input source had a Gaussian intensity distribution over-filling slit-widths corresponding to resolving powers 60,000 and 120,000. The FWHMs of the intensity cross-sections of the ray-traced images were used to calculate resolving power along several spectral orders across the focal plane. These show that slit-limited resolving power as high as 120,000 is in fact achievable, given excellent-quality optics. 
CONCLUSION
This paper describes the principal characteristics of a single-channel, fiber-linked high-resolution spectrograph (HRS) for the Hobby-Eberly Telescope. Changes from the prototype ESO UVES design include elimination of a folding flat, inclusion of a fiber feed with interchangeable image slicers and slits, and a new refractive camera design by Epps. HRS is mounted on a standard off-the-shelf optical bench and housed in an insulated chamber inside the telescope pier at the end of a 35-rn fiberoptic cable. It is scheduled for completion and installation during the first quarter of 1999. 
